Purpose: The barbell squat is fundamental in strength and conditioning, with two principal variants; the back and front squat. Unfortunately, the propensity for injury is high particularly at the knee. The aim of the current investigation was examine the influence of front and back squat variations on patellofemoral joint load.
Introduction
The squat is a central lift in the field of strength and conditioning [1] , which serves to actively recruits the quadriceps, hamstrings, gluteus and gastrocnemius muscles [1, 2] , and as a multi-joint closed chain kinetic movement is considered one of the most functional weight training exercises [3] . The two principal variants of the squat are the back and the front squat lifts. Although both squats are mechanically similar, slight variations exist in terms of technique and muscular involvement [4] [5] [6] .
Unfortunately, due to the nature of the barbell squat, high levels of flexion at the knee joint means that the propensity for injury is high, particularly at the knee itself [7] [8] [9] [10] . Patellofemoral pain syndrome is the most frequently encountered chronic pathology of the knee in athletic populations [11, 12] . Patellofemoral pain is linked to chronic overloading of the patellofemoral joint itself, during dynamic activities [13, 14] . Such disorders can be debilitating, and patellofemoral pain syndrome has been identified as a pre-cursor to the advancement of osteoarthritis in later life [15] . It is therefore important to better understand the forces that are produced through the patellofemoral joint when different squat techniques are employed. Although previous analyses have considered the biomechanical variations between the front and back squat lifts, there remains little clinical research concerning the two squat modalities regarding the stresses experienced by the patellofemoral joint itself.
The aim of the current investigation was to examine the effects of the front and back squat techniques on the loads experienced by the patellofemoral joint. A study of this nature may provide important clinical information to those who habitually engage in squatting activities, regarding their susceptibility to patellofemoral pain symptoms when performing different variants of the lift. The current investigation tests the hypothesis that patellofemoral forces will be greater when performing the back squat.
Methods

Participants
Thirty-five male participants (mean age 25.66 SD 4.58 years, mean height 1.74 SD 0.12 m and mean body mass 74.37 SD 5.58 kg), who were experienced in both front and back squat lifting, took part in the this work. Participants were experienced recreational lifters, who trained using the squat at least 3 times each week. Ethical approval was obtained from the University of Central Lancashire STEM Ethical panel.
Procedure
Participants each completed five repetitions in each squat condition, using their normal squat technique. The load was consistent for both conditions, with participants lifting 70% of their back squat 1 repetition maximum. Participants completed their squats in a randomised order. To acquire knee joint kinetic information, the right foot was positioned onto a piezoelectric force platform (Kistler Instruments Ltd., Alton, Hampshire) which operated at a sampling frequency of 1,000 Hz. Movement data was collected at a capture 250 Hz using an optoelectric motion analysis system (QualisysTM Medical AB, Goteburg, Sweden). To obtain knee joint kinetics and kinematics the calibrated anatomical systems technique (CAST) was
Published by Sciedu Press 3 used [16] . To define the anatomical frames of the right shank and thigh, retroreflective markers were placed onto the medial and lateral malleoli, medial and lateral femoral epicondyles and greater trochanter landmarks. In addition carbon-fibre tracking clusters comprising of four non-linear markers were placed onto the thigh and shank segments. Static calibration trials were recorded with the participant in the anatomical position allowing the positions of the anatomical markers to be referenced in relation to the tracking clusters/markers (see Figure 1 ).
Data processing
Knee joint kinetics and kinematics were analysed using Visual 3D (C-Motion, Germantown, MD, USA). Ground reaction force and 3D marker trajectories were filtered using a low pass Butterworth 4th order zero-lag filter at cut-off frequencies of 50 and 6 Hz respectively. 3D kinematics of the knee were calculated using an XYZ cardan sequence of rotations. Kinematic curves were normalized to 100% of the squat movement. Knee joint moments were calculated using Newton-Euler inverse-dynamics. The net joint moments were normalized to body mass and (Nm/kg).
A previously utilized musculoskeletal model was used to determine patellofemoral contact force and pressure [17] . This algorithm has been used in previous work to successfully resolve differences in patellofemoral contact force (PTCF) and pressure (PCP) when wearing different footwear [14, 18, 19] and between those with and without patellofemoral pain [20] .
PTCF (B.W) during the squat was quantified as a product of knee flexion angle (fa) and knee extensor moment (ME) according to the model described by Ho et al., [14] . The moment arm of the quadriceps muscle (mq) was quantified as a function of knee flexion angle using non-linear equation (1), based on cadaveric information presented by van Eijden et al., [21] . mq = 0.00008 fa 3 -0.013 fa 2 + 0.28 fa + 0.046
Quadriceps force (QF) (2) was then calculated using the below formula:
The constant (K) (3) was quantified via the fa using a curve fitting technique as described by Eijden et al., [21] : K = (0.462 + 0.00147 fa 2 -0.0000384 fa 2 ) / (1 -0.0162 fa + 0.000155 fa 2 -0.000000698 fa 3 )
PTCF (4) was estimated using the QF and a constant:
PCP (MPa) (5) was calculated as a function of the PTCF divided by the patellofemoral contact area. The patellofemoral contact area was described in accordance with the Salsich et al., [22] recommendations. PCP = PTCF / contact area (5)
Statistical analyses
Differences in between the two squat conditions were examined using paired samples t-tests. The criterion for statistical significance was altered to P = 0.008 using a Bonferroni adjustment to reduce the type I error rate. Effect sizes were calculated using a Cohen's D. All statistical tests were undertaken using SPSS 21.0 (SPSS Inc., Chicago, USA).
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4 3 Results Table 1 and figure 2 show the knee kinetics and kinematics from each squat technique. The results show that whilst the kinetics/kinematic curves from the two conditions were qualitatively similar, squat technique significantly influenced patellofemoral kinetics. The results show that peak PTCF was significantly larger (t (34) = 3.43, P < .008, D = 1.18) in the back squat compared to the front squat condition (see Table 1 ; Figure 2c ). Peak PCP was also shown to be significantly larger (t (34) = 4.11, P < .008, D = 1.41) in the back squat compared to the front squat condition (see Table 1 ; Figure 2d ). Finally peak abduction moment was shown to be significantly (t (34) = 2.55, P < .008, D = 0.87) larger in the back squat compared to the front (see Table 1 ; Figure 2e ).
Discussion
The aim of the current study was to examine effects of the front and back squat techniques on the loads experienced by the patellofemoral joint. This study represents the first to examine the influence of the front and back squat techniques on the forces experienced by the patellofemoral joint and may provide insight into the most appropriate method to use for those susceptible to knee pathology.
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Importantly the current work showed that the back squat was associated with a significantly increased PTCF and PCP compared to the front squat. This observation concurs with the findings of Gullett et al., [6] who showed that knee loads were significantly larger in the back squat. This observation may have clinical relevance and provide insight into the mechanisms by which different squat techniques may serve to reduce the prevalence of patellofemoral pain. The aetiology and progression of patellofemoral pain symptoms are considered to be a function of habitual and excessive loads experienced by the patellofemoral joint itself [13, 14] . This study therefore indicated that those who habitually utilize the back squat in favour of the front squat may be at increased risk from patellofemoral degradation. Our findings further highlight that weight lifters who are susceptible to patellofemoral disorders may wish to adopt the front squat as a mechanism of reducing their risk of knee pathology.
An additional clinically important consideration from this study is that the back squat was associated with a significantly increased peak knee abduction moment compared to the front squat. Increased peak knee abduction moments have been linked with greater medial compartment loading [23] and have also been linked to the initiation of other chronic knee pathologies such as tibiofemoral osteoarthritis [24] . It has also been further proposed that an enhanced knee abduction moment serves to augment loading at the lateral facet of the patellofemoral joint articulation and thus may also contribute to the development of patellofemoral pain symptoms [25] .
A potential limitation of this work is that patellofemoral kinetics were resolved using a musculoskeletal model. This was unavoidable due to the invasive nature of generating in vivo measurements of patellofemoral forces. Whilst the model used in the current study has been used previously to observed differences in patellofemoral kinetics during squatting [26] , this technique may nonetheless have underestimated PTCF and PCP as the knee extensor moment cannot not take into account the antagonist force generation that acts in the opposing direction of the joint. Muscle driven simulations of joint loading using inverse kinematics have received considerable interest in recent years [27] , and with further work to improve their accuracy further advancements in musculoskeletal research are possible. A further potential limitation to the current work is that only male weightlifters were examined. Females are at much greater risk from patellofemoral pain symptoms [28] and are also known to exhibit distinct knee joint kinetics and kinematics in comparison to males [29] . Therefore the findings from the current investigation may not be applicable to female weight lifters. It is recommended therefore that the current investigation be repeated using a female sample.
In conclusion, although previous analyses have comparatively examined the mechanics of front and back squat the current knowledge with regards to the differences in patellofemoral loads between the two modalities is limited. The current investigation addresses this by providing a comparison of patellofemoral forces between the front and back squat lifts. The current study shows that the front squat condition was associated with significant reductions in patellofemoral kinetic parameters compared to the back squat. Given the proposed relationship between the magnitude of the load experienced by the patellofemoral joint during dynamic activities and knee pathology, it is suggested that the risk from developing related injuries to the patellofemoral joint may be attenuated through more frequent utilization of the front squat.
